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Abstract: The primary focus of this review article mainly emphasizes the light absorption enhancement for various nanostructured gratings assisted metal-semiconductor-metal photodetectors (MSMPDs) that are so far proposed and developed for the improvement of light capturing performance.
The MSM-PDs are considered as one of the key elements in the optical and high-speed communication systems for applications such as faster optical fiber communication systems, sensor networks,
high-speed chip-to-chip interconnects, and high-speed sampling. The light absorption enhancement
makes the MSM-PDs an ideal candidate due to their excellent performances in detection, especially
in satisfying the high-speed or high-performance device requirements. The nano-grating assisted
MSM-PDs are preordained to be decorous for many emerging and existing communication device
applications. There have been a significant number of research works conducted on the implementation of nano-gratings, and still, more researches are ongoing to raise the performance of MSM-PDs
particularly, in terms of enhancing the light absorption potentialities. This review article aims to
provide the latest update on the exertion of nano-grating structures suitable for further developments
in the light absorption enhancement of the MSM-PDs.
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1. Introduction
Photodetectors are devices that transform optical impulses into electrical signals and
are critical in many current optoelectronic applications. Photoconductors, photodiodes,
avalanche photodiodes, Schottky junctions, and metal–semiconductor–metal photodetectors (MSM-PDs) are among the most prevalent types of photodetectors used in current
technological applications [1–12]. An MSM-PD consists of two interdigitated metallic
electrodes on the top surface of a semiconductor layer (e.g., Schottky contacts). When an
external voltage is applied to the electrodes, one of the Schottky diodes is biased forward
while the other one is biased backward. In between the electrodes on the semiconductor,
incident light creates carriers that are drifted by the electric field (which is a pure drift
photocurrent) as there is no diffusion component to slow down the device response [6–17].
The notion of an MSM-PD was first presented in 1979, and various research groups later
reported the actual production of MSM-PDs [6,18–21]. The MSM-PD has unique characteristics, such as high optical light sensitivity and facile and cost-effective manufacture on
a variety of substrates such as Si, SiO2 , and GaAs, making them an excellent choice for
application in current ultra-high-speed communication systems [4–18,21,22].
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The MSM-PDs have a number of benefits in practical application. They have an
extremely quick photoresponse, which is dictated by the carriers’ saturation velocity. There
are no Ohmic connections required, allowing for the low-doped active material. Due to the
planar geometry’s low capacitance, the RC time constant is short, which is ideal for highspeed applications. The planar design also permits IC-compatible gadgets. The carrier
lifetime of this photodetector was in the sub-picosecond range, and it was frequently
utilized for high-speed sampling. Due to the advancement of semiconductor material
growth and manufacturing processes, a large amount of research and development work
has been done in the area of MSM-PDs to find their uses and applications in many industries
and operations. The addition of plasmonic-based nano-gratings to MSM-PDs, on the other
hand, propelled MSM-PDs to new heights [23–46].
Recent studies have focused on the characteristics of metallic nano-gratings on the
surface of MSM-PDs to enhance their light absorption capacities. For exceptional optical
transmission (EOT) in nano-scale devices, stimulation of surface plasmon polaritons (SPPs)
is required. The SPP is formed by the interaction of free charges (free electrons) on a metal
surface with the electromagnetic field to which they are exposed. By altering the surface of
MSM-PDs, it is feasible to increase the rate of light absorption. In contrast to traditional
aperture theory (i.e., a typical type MSM-PDs), this trapped light has a greater order of
magnitude and is responsible for the device’s increased light absorption. SPPs play a crucial
role in this progress since they contribute greatly to EOT. However, in-depth research is
still happening on this issue. Metal nano-gratings (NGs), which are periodic structures,
are used to accomplish this. The MSM-PDs can achieve massive light confinement, which
is launched by surface plasmons due to the periodic structures (SPs). This is because the
periodic structures on top of the device surface help in efficiently passing light into the
devices, i.e., boost the device’s light transmission efficiency. The optical characteristics
of subwavelength NGs, which are homogeneous media determined by their form, or the
geometry of the structures. Resonant reflection occurs in the device when the period of
the nano-grating matches the wavelength of the incoming light. As a result, light can
be trapped in very narrow spaces (or small areas). However, this trapped light has a
higher order of magnitude in contrast to standard aperture theory (i.e., a conventional type
MSM-PDs) and does the improvement of light absorption through stirring the SPPs into
the devices [27–29,31–46].
Nano-structured features (gratings, and others) have also been reported to improve
the efficiency of thin-film solar cells by increasing the light absorption coefficient. On top
of the GaAs-based solar cell, several subwavelength nanostructures, such as rectangular,
trapezoidal, and triangle forms, were created and the influence of each geometry was explored. Many research groups calculated and reported the best absorption performance for
nanostructured gratings on thin-film solar cells, proving that having nano-structures on the
top surface of the solar cell can result in less reflection and better absorption as the surface
area for incident light interaction increases. Due to their wide range of applications in solar
observations, UV astronomy, missile tracking, automation, short-range communication
security, as well as environmental and biological research, metal-oxide-based see-through
solar-blind photodetectors (also known as solar-blind deep ultraviolet (DUV-MSM-PDs)
have piqued interest. Many scientists and research organizations across the world have
used nanoparticles, nanoholes, and nanoslits to increase the light enhancement qualities
of devices appropriate for a variety of sophisticated applications ranging from sensing to
optical networks [36,42,47–60]. The current state and prospects of MSM-PDs were recently
provided in a thorough review paper in which the authors addressed a large area towards
the development of MSM-PDs, including varieties of materials, manufacturing processes,
and performance characteristics [16]. S. Kashyap et al., on the other hand, have demonstrated plasmonic-based photodetectors (PDs) with a double layer of nano-gratings with
optimal results at a certain wavelength useful for the night vision applications [46]. They
have reported on the development of a plasmonic-supported photodetector with a double
nanograting that enhanced light absorption with an optimal height of subwavelength
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the choice of substrate materials is exclusively reliant on the kind of application and the
wavelength-dependent responses that are required for the particular application. Figure 2
represents a schematic diagram that links all sections for the successful completion of the
MSM-PDs study.
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3.2. Basic Working Mechanisms and Key Performance Parameters of MSM-PDs
MSM-PDs are classified as Ohmic-contact type or Schottky contact type based on
the type of heterojunction produced between the metal electrode and the semiconductor
material, and their operating processes vary as well. Assume that two back-to-back Ohmic
contacts are made between the semiconductor material and the metal electrodes for the
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Ohmic-contact type MSM-PDs. This mechanism differs based on the ambient mode, such as
MSM-PD in the dark versus MSM-PD in the light exposure. Many publications, including
a highly detailed review paper reported by L. Shi et al., explain the functioning mechanism
of MSM-PDs under various settings [16]. When building an MSM-PD for any application,
numerous essential performance aspects of photodetectors are always taken into account,
including external quantum efficiency (EQE), responsivity, reaction time, light to dark
current ratio, and detection capability.
4. Advance States of Simulated Results and Discussion
Due to the interesting applications in modern optoelectronic devices, the state-of-theart research activities on MSM-PDs are very wide. A significant number of research works
have been conducted and reported by many research groups worldwide including the
synthesis of suitable materials (i.e., organic, inorganic, doped, or undoped), development
of multilayer thin-film structures of various dimensions such as nano-rods, nano-particles,
and nano-gratings, etc., and characterization and investigation of their properties for various applications [1–25]. For example, the performance of MSM photodetectors on GaN
was observed in the UV-spectral region and was reported to be increased by 50% with
the insertion of Al nanoparticles in between the Schottky contacts of the photodetector. In
addition, as compared to a standard MSM photodetector with merely a sub-wavelength
aperture, an MSM detector with a sub-wavelength aperture enclosed by an aluminum (Al)
nano-structured metal grating (while an Al-gratings based nano-antenna was integrated
into a detector for photocurrent enhancement) demonstrated an eightfold increase in photocurrent enhancement (without grating). Figure 5 presents the design, development,
and
Photonics 2021, 8, x FOR PEER REVIEW
8 of 15
performance characteristics of an advanced MSM-PD that working in the UV region [8,75].
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Since 2011, Das et al., and his research group has been working on this very interesting and emerging topic of MSM-PD and have reported several modified structures in the
literature to improve the MSM-PDs performances in terms of light capturing capabilities
for modern optoelectronic devices. They have reported on the modeling of MSM-PD
structures' light-capturing capability (in terms of light absorption enhancement) using
various types (i.e., geometrical shapes) of metal nano-gratings. The light absorption im-
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Since 2011, Das et al., and his research group has been working on this very interesting
and emerging topic of MSM-PD and have reported several modified structures in the
literature to improve the MSM-PDs performances in terms of light capturing capabilities
for modern optoelectronic devices. They have reported on the modeling of MSM-PD
structures’ light-capturing capability (in terms of light absorption enhancement) using
various types (i.e., geometrical shapes) of metal nano-gratings. The light absorption
improvement in MSM-PDs is heavily contingent on the nanograting forms, according to
the simulation results. The rectangular nanograting structures can enable MSM-PDs to
absorb incoming light (around 850 nm) 50 times more efficiently than traditionally built
MSM-PDs. However, this research group has continued to work on improving the light
absorption of different aspects of MSM-PDs where a nano-structured of metal gratings has
been placed onto the device’s metal layer (simulation performances have been published
numerous times) [33–35,37,38,41–43,76–78]. They have also studied the effects of nanograting profile (various width ratios, 0-1.10), sub-wavelength aperture slit width, and
grating thickness on light absorption enhancement by modeling and analyzing the features
of MSM-PDs. They have written about the influence of geometrical structural differences
in nano-grating structures, such as form, thickness, height, and breadth of slit-apertures, on
the light absorption coefficient on the MSM-PD multiple times. Figure 6 shows an example
of simulated findings, demonstrating that nano-gratings with a rectangular shape are more
successful at increasing light absorption into the medium. Furthermore, the rectangular
Photonics 2021, 8, x FOR PEER REVIEW
9 of 15
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figure
was discovered that increasing the slit width resulted in a decrease in LAEF, as shown
7. The highest peak of LAEF for rectangular, triangular, and trapezoidal nano-gratings
can be reached at 50 nm slit width, but the greatest peak of LAEF for inverted trapezoidal
nano-gratings profiles can be achieved at 150 nm slit width. The simulation research revealed that increasing the sub-wavelength aperture slit width resulted in a decrease in
LAEF for all grating forms except the inverted trapezoidal. When the slit width was in-
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in Figure 7. The highest peak of LAEF for rectangular, triangular, and trapezoidal nanogratings can be reached at 50 nm slit width, but the greatest peak of LAEF for inverted
trapezoidal nano-gratings profiles can be achieved at 150 nm slit width. The simulation
research revealed that increasing the sub-wavelength aperture slit width resulted in a
decrease in LAEF for all grating forms except the inverted trapezoidal. When the slit width
Photonics 2021, 8, x FOR PEER REVIEW
10 of 15
was increased up to 100–150 nm for inverted trapezoidal geometries, the LAEF increased,
but then progressively decreased.
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The majority of metal nanograting structures are made to be built on top of a thin gold
layer. Due to its exceptional qualities, gold is the most preferred plasmonic material; yet
gold is one of the most costly materials and might be difficult to source out sometimes.
Silver has recently been reconsidered as a major material for the production of nanostructures because of its plasmonic capabilities. According to Ref. [46], the performance
of plasmonic-based photodetectors (PDs) with a double layer of nanograting structures
has been tuned for night vision applications at a wavelength of 1.4 m. The quenching
factor (QF) of 92.14 percent was found for the suggested design of plasmonic supported
photodetector with double nanograting, confirming the augmentation in light with the
optimal height of subwavelength aperture approximately 60 nm (Figure 9).
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modeling for MSM-PDs as this contains a volumetric fraction of SiC. For the development
of high current/temperature-driven modern optoelectronic devices, SiC and SiC-based
materials are found to be highly recommended in the literature [79–83]. This new type of
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velopment, but it requires more research into nano-grating structure design and modeling
for MSM-PDs as this contains a volumetric fraction of SiC. For the development of high
current/temperature-driven modern optoelectronic devices, SiC and SiC-based materials
are found to be highly recommended in the literature [79–83]. This new type of composite
material can be useful for the design and development of modern devices including single/ multi-dimensional nano-structured high-temperature stable photodetectors for future
applications.
5. Conclusions
We have presented the current state of nano-grating structures performances in supporting to improve the MSM-PDs that are precarious for the creation of future emergent
optoelectronic devices for various applications. We have gone through the history and
theoretical research that has been conducted so far for various types of single/multilayer
metal-semiconductor/insulator-metal structures, as well as future work that can be implemented to improve the performance of nanostructured MSM-PDs. This article has given
attention mainly to the latest update on the light absorption enhancement for MSM-PDs
due to various nanostructured gratings and presented so far achieved for performance
improvement. The practical development of nanostructures on MSM-PDs still requires
more focused research including appropriate material suggestions and their fabrication processes.
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